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Entanglement Generation by Communication using Phase-Squeezed Light with
Photon Loss
Fumiaki Matsuoka,∗ Akihisa Tomita,† and Atsushi Okamoto
Graduate School of Information Science and Technology,
Hokkaido University, Kita14-Nishi9, Kita-ku, Sapporo 060-0814, Japan
To implement fault-tolerant quantum computation, entanglement generation with low error proba-
bility and high success probability is required. In a previous paper, we proposed the use of squeezed
coherent light as a probe to generate entanglement between two atoms by communication, and
showed that the error probability is reduced well below the threshold of fault-tolerant quantum
computation [Phys. Rev. A. 88, 022313 (2013)]. In this paper, we investigate the effect of photon
loss mainly due to finite coupling efficiency to the cavity. The error probability with photon loss is
calculated using a beam-splitter model for homodyne measurement of probe light. We examine the
optimum conditions of the amplitude of the probe light and the degree of squeezing to minimize the
error probability. We show that the phase-squeezed probe light yields lower error probability than
a coherent-light probe, even with photon losses. A fault-tolerant quantum computation algorithm
can be implemented under 87% transmittance by concatenating a seven-qubit error correction code
for the phase flip error.
PACS numbers: 03.65.Ud, 03.67.Lx, 03.67.Hk, 42.50.Dv
I. INTRODUCTION
Quantum entanglement is essential for the implemen-
tation of quantum computation schemes [1–4]. In 2001,
one-way quantum computation [2, 5] was proposed to
work out the complexities of quantum gate circuits. Al-
though one-way quantum computation requires a large-
scale cluster state before computation, it can be imple-
mented via measurements on a quantum bit (qubit) and
one-qubit unitary transformations according to the mea-
surement outcomes. It has been reported from experi-
ments that a cluster state (where 105 atoms are consid-
ered to be entangled) can be generated by collisions of
atoms in an optical lattice [6]. However, quantum com-
putation is difficult using this cluster state because the
distance between the atoms is too small to select a single
atom for one-qubit operation. Therefore, keeping suffi-
cient distance between entangled atoms is important to
implement one-way quantum computation.
Entanglement generation by communication (which
uses an electromagnetic field, i.e., a quantum bus or
qubus; see Sec. II for a more detailed description) has
been proposed [7–10] as an efficient entangler that can
be used for creating cluster states [11–14]. Although this
technique can entangle distant atoms, the estimated er-
ror probability of entanglement generation is too large
for any fault-tolerant quantum computation schemes. To
reduce the error probability, we proposed the use of
squeezed coherent light instead of coherent light as a
qubus and showed that fault-tolerant one-way quantum
computing [15] can be implemented using phase-squeezed
light [16]. For this proposal, we assumed that the trans-
mission loss for squeezed light was negligible because the
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distances between quantum memories are small. How-
ever, photon loss may also result from coupling to the
cavities and the measurement of the squeezed coherent
light. The travelling wave light is expected to experience
a loss at the interface to a typical Fabry–Pe´rot cavity [17].
Moreover, the efficiency of the homodyne measurement
is less than unity, owing to the finite quantum efficiencies
of the photodetectors as well as mode mismatch between
a signal and a local oscillator [18]. The phase-squeezed
light may be collapsed by these losses, and tends to be-
come coherent light.
In this report, we estimate the error probability of en-
tanglement generation using squeezed coherent light un-
der photon loss. The effect of photon loss on entangle-
ment generation with squeezed light in transmission has
been studied for qubuses in the context of quantum re-
peaters [19]. The use of squeezed light and the displace-
ment operation has been predicted to improve the fidelity
and the success probability of dispersive interaction for
coherent light from 0.89 to 0.77 and from 40% to 36%, re-
spectively, for a node interval of 10 km [19]. Meanwhile,
entanglement generation for quantum computers requires
a different characterization than that for quantum re-
peaters. One cannot directly apply the results in [19] to
entanglement generation for quantum computation. Fi-
delity of entanglement between two atoms is important
for quantum repeaters since only the availability of en-
tanglement purification is a concern [20]. On the other
hand, error probability in the gates is important for im-
plementing fault-tolerant quantum computation. When
the success probability of the quantum gate is provided,
the error probability of the quantum gate should be be-
low the threshold values for fault-tolerance [21–24]. For
example, an error probability no greater than 4× 10−4 is
required for a success probability of 50% in the Fujii and
Tokunaga (FT) method [15], which is based on a topo-
logical code. In another example, an error probability no
2greater than 1×10−2 is required for a success probability
of 100% in Knillfs method [25], which is based on error-
correcting teleportation. Note that fidelity refers to the
distance between the ideal Bell state and the generated
entangled state [7], whereas error probability refers to
the probability of an unexpected error in entanglement
generation. In a qubus, this error originates from over-
laps between non-orthogonal probe light states [8]. In
addition, most fault-tolerant quantum computing archi-
tectures [25–28] require a success probability of at least
1/2, while quantum repeaters allow for a lower success
probability. In fact, Praxmeyer and van Loock [19] em-
ployed homodyne measurements and window functions
for quantum state discrimination to obtain the final state
with a high fidelity to the ideal Bell state, which reduced
the success probability to less than 1/2. In the follow-
ing analysis for fault-tolerant quantum computation, we
calculate the error probability with only homodyne mea-
surements to obtain a success probability equal to 1/2.
In addition to the collapse of the phase-squeezed light,
we should consider phase flip errors for atoms induced
by the photon loss. In the beam splitter model, which
is known to be a simple approach for photon loss, trans-
mitted and reflected (lost) photons provide gwhich-pathh
information. Since atoms and probe light are entangled,
phase flip error is induced by tracing over the lost pho-
ton modes [10]. The total error probability, which thus
consists of the error originating from the homodyne mea-
surement and the phase flip error induced by photon
loss, may be an obstacle to implementing fault-tolerant
quantum computing. To address this problem, we intro-
duce three-qubit and seven-qubit quantum error correc-
tion codes (QECC) for the phase flips.
The remainder of this paper is structured as follows.
We briefly review entanglement generation by communi-
cation using squeezed coherent light in Sec. II. Then, we
show a homodyne measurement scheme for three-state
discrimination and calculate the error probability with
photon loss of the squeezed coherent light in Sec. III.
In Sec. IV, we introduce the phase error correcting code
for phase flip error and examine the feasibility of the
implementation of fault-tolerant quantum computation.
Finally, we conclude in Sec. V.
II. ENTANGLEMENT GENERATION BY
PHASE-SQUEEZED LIGHT AND HOMODYNE
MEASUREMENT
In this section, we briefly review entanglement gener-
ation between two atoms by squeezed light [16]. Figure
1(a) shows the process of entanglement generation with a
qubus. The process consists of sequential atom-probe in-
teractions and measurements. Two atoms have lower en-
ergy states |0〉 and |1〉 and an excited state |e〉, where only
the transition |1〉 ←→ |e〉 is allowed [29–31], as shown in
Fig. 1(b). We assume dispersive atom-photon interac-
tion [8, 9, 31] by a large detuning ∆ and a not-too-large
mean photon number n¯ in the cavity mode. Then, the
atom-photon interaction provides a unitary operator that
conditionally rotates the phase of the photon as:
Uˆ = Iˆ |0〉 〈0|+ Rˆ(θ) |1〉 〈1| , (1)
where θ = χt, χ = g2/∆, g is a coupling constant, and
Rˆ(θ) = eiθnˆ. The probe light is the squeezed coherent
state |ξ, α〉, where ξ = r0eiϕ is the squeezing parameter,
described by amplitude r0 and phase ϕ. In addition, we
fix the mean photon number n¯ between the coherent state
|α〉 and the squeezed coherent state |ξ, β〉 for a fair com-
parison by adjusting the amplitude to β from the original
value of α, where β =
∣∣∣∣
√
|α|2 − sinh2(r)
∣∣∣∣. We use the
phase ϕ = pi since it is the optimal squeezing direction
for quadrature fluctuations in a homodyne measurement
[16]. For ϕ = pi, phase fluctuations of quadrature are
squeezed; thus, this is called phase-squeezed light |r, β〉,
where r = −r0.
The interaction between the light and atom A creates
an entanglement between the atomic states and the light
states as 1√
2
(|0〉 |r, β〉 + |1〉 |rei2θ , βeiθ〉) from the initial
product state 1√
2
(|0〉+ |1〉)⊗ |r, β〉 by the unitary opera-
tion of Eq. (1). Then, the interaction between the light
and atom B yields the final state:
|ψ2〉 = 1
2
|0〉 |0〉 |r, β〉+ 1√
2
( |0〉 |1〉+ |1〉 |0〉√
2
)
|rei2θ , βeiθ〉
+
1
2
|1〉 |1〉 |rei4θ , βei2θ〉 . (2)
After that, the probe light is measured. Although we
have previously estimated the error probability with min-
imum error discrimination [16], this may be difficult to
implement for three squeezed coherent states. For a
more feasible situation, we instead consider a homodyne
measurement of the probe light. The entangled state
of the atoms |0〉 |1〉 + |1〉 |0〉 is formed by post-selecting
the rotated state |rei2θ, βeiθ〉. A homodyne measurement
projects the quantum state onto a projection axis. Then,
as we want to discriminate the |rei2θ , βeiθ〉 state from the
other two states in Eq. (2), the projection axis should
be taken to be the (p + θ)-axis for the optimal phase
measurement. In this situation, the probability density
distributions, as shown in Fig. 2(b), can be obtained
corresponding to the measurement outcome of the probe
light [16]. The error in entanglement generation in homo-
dyne measurement occurs as a result of overlaps in the
probability density distributions representing the mea-
surement outcomes.
III. ERROR PROBABILITY IN HOMODYNE
MEASUREMENT WITH LOSS
In this section, we examine the effects of loss on the
error probability of entanglement generation. As men-
tioned earlier, we calculate the overlaps of the probability
3FIG. 1. (Color online) (a) The process of entanglement generation between quantum memories by communication. Light
interacts with two atoms, and the phase rotation caused by the interaction is measured after the interaction. (b) The energy
level scheme of a Λ-configured three-level atom. The phase of the light rotates only when the atom is in state |1〉.
FIG. 2. (Color online) (a) A schematic representation of
phase-squeezed light in a phase space after interacting with
atoms A and B (at time τ2 in Fig. 1(a)), described by el-
lipses. The atomic entanglement state |0〉 |1〉+|1〉 |0〉 is formed
by post-selecting the rotated coherent state |rei2θ, βeiθ〉. (b)
Probability density distributions for the outcomes of quadra-
ture measurements of the probe beam corresponding to the
quantum states in Fig. 2(a) projected on the (p + θ)-axis
(where p is the imaginary part of α), which is the optimal
projection angle to obtain the lowest error probability in the
homodyne measurement.
density distributions for homodyne detection of phase-
squeezed light [32].
Photon loss can be described by a beam splitter model
[18] characterized by transmittance η (0 < η < 1), as
shown in Fig. 3. The loss is described by 1 − η. In our
scheme, although photon loss may be induced in trans-
mission, cavity coupling, and measurement of the probe
light, such losses can be represented by a single beam
splitter whose reflection corresponds to the total photon
loss because the beam splitter operation and the phase
rotation operation commute [33]. In practical terms,
since the phase shift angle may be decreased by pho-
ton loss, either a displacement operation before the sec-
ond cavity or an adjustment of the atom-light interaction
time in the second cavity is required. In this report, we
assume the phase shifts of the two cavities are equivalent
by adjustment of the interaction time.
The probability density distributions when phase-
squeezed states are projected onto the xλ-axis (where λ
is the projective angle) are Gaussian with mean 〈xλ〉 and
variance ∆x2λ [34]. Note that the expectation value of xˆλ
with photon losses [32] is
√
η times Eq. (21) of Ref. [16],
and so the variance of xˆλ is [32]:
∆x2λ ≡
〈
xˆ2λ
〉− 〈xˆλ〉2
=
η
2
{
exp(2r)sin2
(
λ− ϕ
2
+ θ
)
+exp(−2r)cos2
(
λ− ϕ
2
+ θ
)}
+
1− η
2
. (3)
Here,
〈
xˆ2λ
〉
is the expectation value of x2λ. The photon
loss decreases the amplitude parameter by
√
η and re-
duces the squeezing effect, as shown in the variance given
by Eq. (3). In addition, we introduce the phase shift θ
from the projective angle λ to Eqs. (19) and (21) of Ref.
[16] (the probability density distributions and the expec-
tation value of a quadrature operator, respectively), and
Eq. (3) to calculate the overlaps.
Using Eq. (3), and Eqs. (19) and (20) of [16], and
assuming the direction of the projection axis is λ =
(pi + θ)/2 (projection onto the p + θ-axis in Fig. 2(a),
which corresponds to phase measurement), we obtain the
probability density distributions of the measurement out-
comes on the superposition state described by Eq. (2), as
shown in Fig. 4. The overlaps of the probability density
distributions are increased by the photon loss compared
with those calculated for a lossless case as depicted in
Fig. 2(b).
The error probability is obtained rigorously by sub-
tracting the overlap between the probability density dis-
tributions of |r, β〉 and |rei4θ , βei2θ〉 from the sums of the
overlaps between |r, β〉 and |rei2θ , βeiθ〉 and the overlaps
between |rei2θ , βeiθ〉 and |rei4θ , βei2θ〉. These overlaps
can be calculated using Eqs. (24)-(27) of Ref. [16], where
the expectation value 〈xλ〉, variance ∆x2λ, and the coher-
ent amplitude on the integral interval α
′′
can be replaced
by
√
η 〈xλ〉, Eq. (3), and √ηα′′ , respectively. Here, we
4examine the effect of photon loss on the error probabil-
ity. Figure 5(a) plots the error probability as a function
of the transmittance η for various values of the squeezing
amplitude r. In the lossless case (η = 1) [16], for typi-
cal values of n¯ = 104 and θ = 0.01 [7, 35, 36], we obtain
the error probability of entanglement generation with the
homodyne measurement as PE = 0.23 with squeezing
amplitude r = 0 (for coherent states) and with the ex-
perimentally reported maximum value of the squeezing
parameter r = 1.5 [37]. As photon loss increases (i.e., for
smaller transmittance η), the error probabilities increase
and converge to 0.5 even for large squeezing amplitudes.
This is because the overlaps between the three phase-
squeezed states shown in Fig. 4 depend not only on the
coherent amplitude, but also on the variance ∆x2λ given
by Eq. (3). The squeezed variance is collapsed to the
variance of coherent light ∆x2λ = 1/2, owing to the inva-
sion of the vacuum mode by the photon loss. In fact, the
variance ∆x2λ for the phase (i.e., p-quadrature; ∆x
2
λ+pi/2)
for phase-squeezed states increases as η decreases, and
reaches the value for the coherent state at η = 0, as
shown in Fig. 5 (b). Nevertheless, the phase-squeezed
state provides a better error probability than the coher-
ent state for phase measurement provided that η > 0.
FIG. 3. (Color online) A schematic of the beam splitter
model. The loss is represented by the reflection at the beam
splitter with a transmittance η. When the probe light with
the amplitude operator aT enters the beam splitter, the am-
plitude operators of the transmitted and reflected light be-
come
√
ηaT and
√
1− ηaT, respectively. On the other hand,
when vacuum with an amplitude operator aV is placed at
the other port of the beam splitter, the transmitted and
reflected light become
√
1− ηaV and √ηaV, respectively.
Therefore, the transmitted light and vacuum are coupled to
aR =
√
ηaT +
√
1− ηaV by the beam splitter and the light
has a perfect measurement.
FIG. 4. (Color online) Probability density distributions of the
superposition of the phase-squeezed state with losses. The
overlaps between these distributions are increased by the loss
effect compared with the lossless case, such as that shown in
Fig. 2.
FIG. 5. (Color online) (a) The error probability of entangle-
ment generation and (b) the variance ∆x2λ as a function of η
with squeezing amplitude r = 0 (solid line, coherent state),
r = 0.5 (dashed line), r = 1.0 (dotted line), and r = 1.5
(dot-dashed line). In phase-squeezed light, the loss effect is
significant in comparison to that of coherent light (see main
text for details).
IV. PHASE FILP ERROR INDUCED BY
PHOTON LOSSES AND ERROR CORRECTING
CODES
A. Error correction for phase flip error
We here examine the impact of photon loss on the im-
plementation of fault-tolerant quantum computation in
5terms of the error probability. To this end, since atoms
and probe light are entangled, we must consider the fact
that photon loss induces phase flip error [10] in addition
to the measurement-induced error described in Sec. III.
To confirm the effect of photon losses for each atom, we
add two beam splitters, as shown in Fig. 6, since the
effects of photon losses for atoms A and B are different.
In this model, since the atoms and probe light are entan-
gled at the beam splitters, the transmitted and reflected
(lost) photons provide “which-path” information of the
atoms. Since the reflected photon modes have the in-
formation of the atoms, the information of atoms is also
lost. Therefore, the phase flip errors of the atoms are in-
duced by photon losses [10]; thus, the final state becomes
a mixed state. The phase flip error rate is determined by
the inner product between the non-phase-shifted state
|r, β〉 and the phase-shifted state |rei2θ, βeiθ〉 [10]. When
photon losses are induced, such an inner product can be
written as:
γ(η) =
pi
8
∫ ∞
−∞
∫ ∞
−∞
W (x, p)
W (xcosθ − psinθ, xsinθ + pcosθ)dxdp, (4)
where W (x, p) and W (xcosθ − psinθ, xsinθ + pcosθ) are
Wigner functions of the non-phase-shifted and phase-
shifted phase-squeezed states, respectively [38]. The
Wigner function with photon loss is given by:
W (x, p) = Nexp
[
−2e
−2r(x−√ηxi)2
η + (1− η)e−2r
− 2(p−
√
ηpi)
2
ηe−2r + (1− η)
]
, (5)
where xi and pi represent the center of the phase-
squeezed state (xi = β and pi = 0 for W (x, p) and
W (xcosθ − psinθ, xsinθ + pcosθ)), and N is the normal-
ization constant:
N =
pi
2
1√
2e−r√
(e−4r + 1)− (e−2r − 1)2{(1− η)2 + η2}. (6)
Note that since the transmission distance and the number
of the cavity input-output process are different for atoms
A and B, as shown in Fig. 6, photon loss effects for atoms
A and B are also different; thus, we should consider the
phase flip error probabilities in atoms A and B separately.
For atom A, phase flip error is induced by photon losses
from the first cavity to the detectors in the homodyne
measurement. We assume the transmittance for atom A
is ηA = η1η2, where η1 and η2 are transmittances from
atom A to atom B, and from atom B to the detectors,
respectively. In contrast, for atom B, phase flip error is
induced by photon losses from the second cavity to the
detectors. We assume that the transmittance for atom B
is ηB = (1−η1)η2. In the present analysis, we assume the
same transmittances for η1 and η2, i.e., the total trans-
mittance is given by η = η1η2 = η
2
1 = η
2
2 . Using these
transmittance values and Eqs. (4)-(6), the no-phase flip
error probability PS and the phase flip error probability
PF for atoms A and B can be written as [10]:
PAS =
1 + γ(ηA)
2
, PAF = 1− PAS , (7)
PBS =
1 + γ(ηB)
2
, PAF = 1− PBS . (8)
From these phase flip errors, the final state |ψ2〉 can be
rewritten as a mixed state [10]:
(PAS P
B
S + P
A
F P
B
F ) |ψ2〉 〈ψ2|+ PAF PBS |ψflipA2 〉 〈ψflipA2 |
+PAS P
B
F |ψflipB2 〉 〈ψflipB2 | ,(9)
where states |ψflipA2 〉 and |ψflipB2 〉 are the phase-flipped
states of |ψ2〉 for atoms A and B, respectively. These
states can be written respectively as:
|ψflipA2 〉 =
1
2
|0〉 |0〉 |r, β〉
+
1√
2
( |0〉 |1〉 − |1〉 |0〉√
2
)
|rei2θ , βeiθ〉
−1
2
|1〉 |1〉 |rei4θ , βei2θ〉 , (10)
and:
|ψflipB2 〉 =
1
2
|0〉 |0〉 |r, β〉
+
1√
2
(− |0〉 |1〉+ |1〉 |0〉√
2
)
|rei2θ , βeiθ〉
−1
2
|1〉 |1〉 |rei4θ, βei2θ〉 . (11)
By combining the error probability of the state discrim-
ination, the total error probability is obtained as:
Etot = (P
A
S P
B
S + P
A
F P
B
F )PE + (P
A
F P
B
S
+PAS P
B
F )(1− PE). (12)
Here, we examine the feasibility of fault-tolerant quan-
tum computation schemes. Knillfs method [25] and FT
method [15] can be practically implemented with a realis-
tic amount of resources when the error probability is be-
low 1×10−2 and 4×10−4, respectively. Since the Knillfs
method can tolerate a higher error probability than the
FT method, we examine the feasibility of Knillfs method.
To examine this feasibility, we calculate the error prob-
ability Etot for θ = 0.01 as a function of the coherent
amplitude α with the amplitudes of the following values:
squeezing parameter r = 0 and transmittance η = 0.9
(solid line), r = 0 and η = 0.99 (dotted line), r = 0.6 and
η = 0.9 (dashed line), and r = 0.8 and η = 0.99 (dot-
dashed line), as shown in Fig. 7. Note that, since the
phase flip error probability increases as the inner prod-
uct Eq. (4) decreases, the total error probability can be
minimized by optimization of the coherent amplitude α
and/or the phase shift angle θ, and the squeezing param-
eter r. Even for small photon loss, the error probability
6FIG. 6. (Color online) Schematic representation of photon losses of probe light for atoms A and B. Photon losses occur in the
transmission of the probe light, the cavity input?output, and the measurement.
Etot ≤ 1 × 10−2 is hard to realize, and the implementa-
tion of Knillfs method is difficult even if optimized phase-
squeezed light is used.
To address this, we introduce the concatenation of a
few-qubit QECC [24] to correct the phase flip error. Such
error corrections have been implemented in solid-state
qubits, such as diamond spin systems [39]. We estimate
the probabilities of successful error correction on the log-
ical errors. That is, the phase flip and no-phase flip error
probabilities using a three-qubit QECC corresponding to
atoms A and B are respectively:
PAF3cor = (P
A
S )
3 + 3(PAS )
2PAF ,
PAS3cor = 1− PAF3cor (13)
and:
PBF3cor = (P
B
S )
3 + 3(PBS )
2PBF ,
PBS3cor = 1− PBF3cor. (14)
Moreover, to obtain higher immutability to the photon
loss, we introduce a seven-qubit QECC. Similar to the
three-qubit QECC, the phase flip and no-phase flip error
probabilities using the seven-qubit code for atoms A and
B are respectively:
PAF7cor = (P
A
S )
7 + 7(PAS )
6PAF + 21(P
A
S )
5(PAF )
2
+35(PAS )
4(PAF )
3,
PAS7cor = 1− PAF7cor (15)
and:
PBF7cor = (P
B
S )
7 + 7(PBS )
6PBF + 21(P
B
S )
5(PBF )
2
+35(PBS )
4(PBF )
3,
PBS7cor = 1− PBF7cor. (16)
Then, the total error probability can be obtained by
substituting Eqs. (13) and (14) or (15) and (16) into Eq.
(12). Figure 8(a) plots the optimized (minimized) error
probability for θ = 0.01 as a function of the transmit-
tance η for coherent states without QECC (solid line),
coherent states with a three-qubit QECC (dashed line),
phase-squeezed states with a three-qubit QECC (dotted
line), coherent states with a seven-qubit QECC (dot-dot-
dashed line), and phase-squeezed states with a seven-
qubit QECC (dot-dashed line), while (b) and (c) plot the
FIG. 7. (Color online) Optimization of the error probability
of entanglement generation as a function of with the follow-
ing values: amplitude of the squeezing parameter r = 0 and
transmittance η = 0.9 (solid line), r = 0 and η = 0.99 (dashed
line), r = 0.6 and η = 0.9 (dotted line), and r = 0.8 and
η = 0.99 (dot-dashed line).
optimized values of the coherent amplitude and squeez-
ing parameter as a function of η, respectively. Note
that to make a fair comparison of phase-squeezed light
with coherent light, since the mean photon number is
n¯ = |α|2 + sinh r [31], we set the coherent amplitude
of the phase-squeezed light to β =
√
|α|2 − sinh r. The
vertical axis of Fig. 8(b) refers to the coherent ampli-
tudes α and β for the coherent states and the squeezed
states, respectively. The upper line at 1 × 10−2 in Fig.
8(a) denotes the threshold of Knillfs method. We also
depict the threshold of the FT method by the lower line
at 4× 10−4 in Fig. 8(a). For the error probability below
this threshold, the FT method can also be implemented.
In a coherent state without QECC, Knillfs method can
be implemented for η ≥ 0.999 (a loss of 0.004 dB). In an
optimized phase-squeezed state without QECC, Knillfs
method can be implemented for η ≥ 0.993 (a loss of
0.03 dB). In both states without QECC, the FT method
is difficult even if η = 0.999. On the other hand, by
using a seven-qubit QECC and optimized parameters,
Knillfs method and the FT method can be implemented
for η ≥ 0.94 (a loss of 0.27 dB) and η ≥ 0.99 (a loss of
0.04 dB) using a coherent state, or for η ≥ 0.87 (a loss
of 0.60 dB) and η ≥ 0.954 (a loss of 0.20 dB) using a
7FIG. 8. (Color online) (a) The optimized total error proba-
bility of entanglement generation for coherent states without
QECC (solid line), coherent states with a three-qubit QECC
(dashed line), phase-squeezed states with a three-qubit QECC
(dotted line), coherent states with a seven-qubit QECC (dot-
dot-dashed line), and phase-squeezed states with a seven-
qubit QECC (dot-dashed line). Optimal conditions for the
coherent amplitude and squeezing parameter are plotted in
(b) and (c), respectively.
phase-squeezed state. Since the phase flip error is de-
creased with more qubits in the QECC, larger coherent
amplitudes and squeezing parameters can be used for op-
timization. Although this QECC for phase flip error is
simple, it requires increased atomic resources. Nonethe-
less, since this increase is polynomial, three- and seven-
(or more) qubit QECCs are feasible.
B. Estimation of photon losses
Here, we estimate the experimentally feasible values for
the total loss. The quantum efficiency of Si photodiodes
at 860 nm is 0.93 [40], which produces a photon loss in
the homodyne measurement of 0.07. A smaller coupling
loss, compared with conventional Fabry–Pe´rot cavities,
is predicted to be less than 0.05 using microtoroidal res-
onators, which were developed to achieve strong coupling
in an atom-cavity system [41, 42]. Although the pre-
dicted coupling loss has not yet been realized, progress in
fabrication technology will likely achieve this in the near
future. Therefore, the microtoroidal resonator is also a
strong candidate for the atom-cavity system with disper-
sive interaction. A combination of Si photodiodes and
microtoroidal resonators provides a total loss as small as
0.1-0.2 (0.46-0.97 dB). This implies that Knillfs method
can be implemented using phase-squeezed states with the
seven-qubit QECC.
V. CONCLUSION
In summary, we have calculated the error probability
of entanglement generation by phase-squeezed light to
implement fault-tolerant quantum computing methods.
When coherent light is used for the qubus, the implemen-
tation of any fault-tolerant quantum computation scheme
is difficult for practical photon losses, even if a seven-
qubit QECC is used, since the error probability exceeds
0.01. In contrast, when phase-squeezed light is used for
the qubus with a seven-qubit QECC, Knillfs method can
be implemented. With respect to photon losses, when
an optimized (coherent amplitude and squeezing param-
eter) phase-squeezed state is used, Knillfs method can
be implemented with up to a 0.24-dB loss (with a three-
qubit QECC) or up to a 0.60-dB loss (with a seven-qubit
QECC). This result suggests that fault-tolerant quantum
computing could be performed using near-future technol-
ogy, such as the implementation of a seven-qubit QECC.
Note that Knillfs method requires repeated operations
since the method requires deterministic (or nearly deter-
ministic) two-qubit gates.
On the other hand, the FT method can be used with
probabilistic two-qubit gates such as the qubus scheme
so that repeated operations are not necessary. However,
since a 0.03-dB loss (with a three-qubit QECC) or a 0.20-
dB loss (with a seven-qubit QECC) are required for the
implementation of the FT method, the suppression of
photon losses and the implementation of a QECC with
more qubits are required.
To conclude, we list issues for future study. First, we
mentioned in Sec. II that the photon loss does not in
principle affect the phase shift operation. However, in
practical systems such as the qubus scheme, the decrease
of the photon number and squeezing amplitude may af-
fect the phase shift angle at the second cavity. There-
fore, we should calculate the error probability, includ-
ing the difference of photon numbers, or including the
displacement operation before the second cavity. Sec-
ond, although we calculated the error probability for the
homodyne measurement, the minimum error discrimina-
8tion provides the optimal error probability for this qubus
scheme, as shown in our previous paper [16]. Therefore,
the minimum error probability with photon loss could
be derived. Third, the realization of the minimum er-
ror measurement for three phase-squeezed states is it-
self a challenging research task. Fourth, we assumed
a phase-squeezed light with large coherent amplitudes
to show that the qubus entangler using phase-squeezed
light works with a low error probability. In principle,
such phase-squeezed light can be obtained by displac-
ing the vacuum squeezed state. However, displacement
from a squeezed vacuum to a largely phase-squeezed light
pulse with a coherent amplitude of β ≫ 1 has not yet
been reported experimentally. The realization of a phase-
squeezed light pulse with large coherent and squeezing
amplitudes is thus a future research task [43].
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